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Introduction:

This paper describes some of the work in progress to develop automated structural weight

estimation procedures within the Vehicle Analysis Branch (VAB) of the NASA Langley

Research Center. One task of the VAB is to perform system studies at the conceptual and early

preliminary design stages on launch vehicles and in-space transportation systems. Some

examples of these studies for Earth to Orbit (ETO) systems are the Future Space Transportation

System [1], Orbit On Demand Vehicle [2], Venture Star [3], and the Personnel Rescue

Vehicle[4]. Figure [1] shows some of the concepts the different vehicle types encountered in
these studies.

ii!iiiiiiiiiiiiii

,iiiiiii i iiiii iiiill

FSTS

Venture Star SSTO

Orbit On Demand

Personnel Rescue Vehicle

Figure 1) Typical VAB Launch Vehicle System Studies

Structural weight calculation for launch vehicle studies can exist on several levels of

fidelity. Typically historically based weight equations are used in a vehicle sizing program.

Many of the studies in the vehicle analysis branch have been enhanced in terms of structural

weight fraction prediction by utilizing some level of off-line structural analysis to incorporate

material property, load intensity, and configuration effects which may not be captured by the

historical weight equations. Modification of Mass Estimating Relationships (MER's) to assess

design and technology impacts on vehicle performance are necessary to prioritize design and

technology development decisions. Modem CAD/CAE software, ever increasing computational

power and platform independent computer programming languages such as JAVA provide new

means to create greater depth of analysis tools which can be included into the conceptual design

phase of launch vehicle development. Commercial framework computing environments provide

easy to program techniques which coordinate and implement the flow of data in a distributed

heterogeneous computing environment. It is the intent of this paper to present a process in
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developmentatNASALaRCfor enhancedstructuralweightestimationusingthisstateof theart
computationalpower.

TheSpaceLaunchInitiative:

Currently NASA is in the processof defining technologiesrequired and vehicle
configurationsnecessaryto supportthe SpaceLaunchInitiative (SLI) [5]. The SpaceLaunch
Initiativeis alsoreferredto asthe2ndGen.Programin thatits goalis to definethetechnologies
andpossiblevehiclearchitecturesfor a systemof launchandupperstagevehicleswhich will
replaceour first generationreusablelaunchsystem,theSpaceShuttle.A majortaskof SLI is to
studyvehicleconceptsandthetechnologiesrequiredto enabletheseconceptswith the overall
goalof high safetystandardsandlow life cyclecosts.Goalsof a launchcapabilitywith a 1 in
10,000lossof crewlevelof reliability,andanoperationalcostof $1000.00perpoundof payload
to orbit havebeenestablished.It is desiredto developtechnologiesfor suchasystemto thepoint
wherevehicledesigncanbeginby approximatelytheyear2005.Tohelp in this assessmentand
enableNASA to be an informedconsumerof industryproposedcommerciallybasedlaunch
systems,theagencywishesto performinternalassessmentsof its ownandof contractordefined
vehiclearchitectures.No singlevehiclewill likely be ableto satisfythe SLI definedmission
requirements,so a setof vehiclescomprisedtypicallyof launchvehiclestages,entryvehicles,
andorbitalelementsarerequiredto work together.A suiteof vehicleswhichcanmeetmission
requirementsis beingcalleda launchvehiclearchitecture.In the areaof weightsand vehicle
sizingit is desiredto quantitativelyassesstheimpactsof structurestechnologiesonarchitecture
elementperformance.Structuralmassestimationtechniqueswhich canaccountfor differing
vehicle structural arrangements,structural concepts,material choices,loading and failure
mode/factorof safetyinputsarerequired.Thisdatacannotbetotallyderivedfromhistoricaldata
as the proposedconceptswill differ too much in terms of vehicle architecture,structural
arrangement,and structuralconceptsto have direct correlationto historical weights. To
uniformlyassessa diversearrayof in-houseandcontractorproposedvehiclesat thesamelevel
of fidelity is thegoalof suchastructuralmassestimatinganalysis.Suchasystem,whenproperly
calibrated,will providedesignerswith quantitativetechniqueswhich canbe usedto modify
systemdesignvariablesandobtainoptimumvehicleconfigurations.It will alsoprovide the
governmentsomeinsightinto theassumptionsandfidelity of contractorsuppliedvehicleweight
statements.Theserepetitiveand complexanalysesonly have a chanceof beingperformed
efficiently and fairly if automaticprocedurescanbe put in placeto implementthe required
analysisprocesses.

Programsupportfor ToolDevelopment:

Recognizingthe importanceof making correct decisionsearly in the architecture
definitionprocess,NASAhasprogramsin placeto supportthedevelopmentof conceptualand
preliminary design systemsfor 2nd Gen RLV's. NASA Langley's High Performance
Communicationsand ComputingProgram(HPCCP)[6] was usedin FY2001to automate
analysisproceduresandprovideaframeworkfor largescalevehicledesigndataprocessing.The
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programincludeddevelopmentof techniquesfor threemain processes,the first wasvehicle
sizing coupledwith layout, aerodynamicandtrajectoryanalyses.Secondwas the automated
creationof an aerothermodynamicenvironmentfor the entryproblemandusingthat heating
environmentto sizevehiclethermalprotectionsystems(TPS).A third elementof theprogram
wasanimplementationof finite elementanalysis(FEA)andautomatedComputerAidedDesign
(CAD) proceduresto calculatestructuralmassproperties.The HPCCPprogramwasendedin
2001but someelementsof it, includingsomeof the structuralmassestimationprocedure
developmentarebeingcontinued.A currentprogram,theAdvancedEngineeringEnvironment
(AEE) is in placeto focustool developmenteffortsacrosstheNASA centersandbring well
definedprocessesinto a ProductDataManagement(PDM) controlledcomputingframework.
AEE structuralweight estimationmay have severallevels of fidelity. Bottomsup weight
predictionbasedon beam-theorytechniquesis one level of analysiswhererapid turnaround
shouldbeeasilyobtained.Threedimensionalfinite elementmodeling,internalloadsassessment
and structuralelementsizing is a higher level of structuralsimulationwhich shouldalso
eventuallyfit into theAEEtoolbox.TheFEAbasedprocessin it's goalsis similarto theBoeing
CorporationsRAMPAGEprogram[7]but atasomewhatreducedlevelof modelingfidelity. It is
the intenthereto first developa systemwhich canbeexercisedin the AEE environment,yet
maintainsufficientgeneralityand modelingflexibility suchthat the growthpath to multiple
vehicle configurations,and higher fidelity modeling are supported.Eventually these
"conceptual"proceduresmayprovidethestartingpoint for preliminarydesignasmuchof the
samedatastructures(i.e.:FEAdata)will beutilizedin bothdesignphases.A structuralweight
estimationsystemwith thesecharacteristicswhich implementsmodem computerscience
programmingcapabilities in a heterogeneouscollaborativedesign environmentwill be
maintainableanduseableforyearsbeyondthe2005timeframe.

StructuralConsiderations:

Bottoms up weight estimationfor launch vehicle structural systemsrequiresthe
definitionof fourbasicdesigndecisionsto provideenoughdetailfor discriminatingcalculations
to bemade.First a vehiclestructuralarrangementmustbe defined.Also referredto asa "big-
bones"layoutorstructuralskeletonthestructuralarrangementis adescriptionof thecomponents
and their interconnectivitywhich definemajor structuralload paths.For a reusablelaunch
vehiclethiswouldmeanthecomponentsneededto efficientlytransmitpropulsionandlift forces
fromthebodyandwinginto therequiredsubsystemmasses.Foralaunchvehiclewithcryogenic
tanks basic decisionshave to be made regardingtheir incorporationinto the structural
arrangementbecausetankscomprisealargevolumetricrequirementof thevehicle.A cryogenic
tankcanbeeitherintegralornon-integralwith regardto supportingoverallvehiclefuselagebody
bendingloads. Tanks which are supportedin a statically determinatemannerwithin an
encompassingfuselagestructurearetermednon-integral.Non-Integraltankscanbedesirablein
thattheyeliminatetankthermalgrowthinfluenceonvehicleshapeandinternalforcegeneration.
Thereareof course,manytradesin theareaof structuralarrangement.Largenon-integraltanks
also imply large regionsof confinedspacebetweentank and fuselagestructureswhich are
operationalhazardsandalthoughcleanin termsof structuralloadpatharedegradingin another
senseto vehiclesafetyandreliability [8]. An integraltankconceptis onein which the large
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cryogenictankscarryoverall fuselagebendingloads,aswell as internaltankullageandhead
pressureloads.Thiswasthedesignof theX-33vehicle.NotethateventhoughtheX-33utilized
an integraltankstructuralarrangement,becauseof crosssectiondifferencesbetweenthemulti-
lobecryogenictanksandtheflat aerodynamicallyshapedOML therewerestill confinedspaces
createdby the offsetthermalprotectionsystem.Otherstructuralarrangementdecisionsmight
include:

A choicebetweenLOX tank forwardor aft of the LH2 tank,this is a tradeoff in
ascentcontrollability(betterif LOX forward)vs.LH2tankweight(betterif LOX aft)

Considerationof howthewing structureis attachedto thefuselage,full carrythrough
or utilization of tankring framesto carrywing root bendingmoments.Largelya
tradeoffin aerodynamicperformancevs. structuralweight.Is it betterif the tank
framescan carry wing bending and so a minimal amount of fairing drag is
encounteredor is a structurallymoreefficient systemusingcarrythroughstructure
butwith thewingbelowthecryogenictanks.

A choicebetweencentralverticalfinsorwingtip-fins.

A choicebetweenfuselageintegratedpayloadregions,suchasin theSTSorbiter,or
havinganexternallyattachedpayloadsupportstructure.

The proceduresto bedescribedin thispaperwill havetheability to handleall of thestructural
arrangementtradeslistedabove.

Thesecondbasicdesigndecisionis structuralconcept,that is a definitionof the wall
constructionmethodusedfor eachcomponentenumeratedin thestructuralarrangement.As an
exampleof structuralconceptdefinitiona designmightconsistof acompositesemi-monocoque
nosestructure,aluminummonocoqueLOX tank, aluminum-lithiumisogrid intertankadapter,
integral skin-stringeraluminum-lithiumLH2 tank, and metal-matrixflame-stringerstiffened
thrust cone. Trade-offs in structural concept might also comparea structuremade of
conventionalmetalmanufacturingtechniquesto a structuremadewith stateof theart low part
countcompositeprocessingtechniques.Decisionsonmanufacturingtechnologyprioritiesbased
upon their impacton vehicleperformancecanbe madeif performancesensitivityto those
manufacturingtechniquesarequantifiable.Thewing too will havestructuralconceptchoices,
typicallyseparatechoicesfor uppersurfaceskins,lowersurfaceskins,ribs,andspars.

Materialpropertyspecificationitself is thethirdbasicelementrequiringdefinitionin the
conceptualdesignstructuralweightscalculationprocess.Provisionmust exist in the design
systemto implementtables of material property data.With this flexibility in place the
performancegainof advancedmaterialsystemscanbequantitativelyassessed.

With the vehiclestructuralarrangement,structuralconcepts,and materialproperties
defined the remainingdataneededto be able to performstructuralanalysisbasedweight
estimationsarevehicleloadsanddesigncriteria.Theproposedsystemwill havequantifiable
sensitivityto designload conditionsand thus vehicleload factors.Propellanttank pressure
stabilizationassumptionscouldalsobeassessed.In general,loads,factorsof safety,andfailure
modeconsiderationswill havequantifiableaffectson structuralmassestimation.TableI lists
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load casestypically consideredat the conceptuallevel of bottoms
assessment.

TableI - DesignLoadCases

up structuralweight

1) ProofPressure
2) TenDay+Z WindonPad,unfueledcondition
3) TenDay-Z WindonPad,unfueledcondition
4) OneDay+ZWindonPad,fueledcondition
5) OneDay-Z WindonPad,fueledcondition
6) Liftoff
7) MaxDynamicPressure
8) MaxWingNormalForce
9) MaxAxial Acceleration
10)SubsonicEntryManeuver
11)MainGearTouchdown
12)All GearTouchdown
13)GroundHandlingin theHorizontalCondition,unfueled,unpressurized

TechnicalApproach,Overview:

Basedon therequirementof havingthecapabilityto quantitativelyassesstheabovefour
areasof structuraldefinition,anduponpreviousexperiencein theVAB with finite element
analysisapplicationto structuralweightprediction,aplanwasdevelopedwhichwouldintegrate
FEAanalysisinto thetool setusedfor conceptualvehicledesign.

It is recognizedthat goodweightestimationresultscanbeobtainedthroughtheuseof
beamtype models [9] [10] and indeedas previouslymentionedsuchprocessesarebeing
developedfor theAEE environment.Howeverto setthestagefor moreadvancedanalysesand
prepareutility programsandprocedureswhichcanbemigratedto thepreliminarydesignlevel,
general3Dshellelementbasedfinite elementanalysistoolsneedto be developed.Usingatwo
dimensionalshell elementbasedsystemwhich modelsin threedimensionalspaceforcesthe
developmentof computerprogramsand data structuresto work with finite elementdata
structuresmoresuitableto higherlevelanalysis.Initially themodelshavebeenverysimpleand
thereforerelativelyeasyto automatefor conceptualdesignlevelmodeling.Futureexpansionto
morecomplexgeneral3Dmodelingshouldincludeintegrationof beamandsolidelementtypes.
Migration to this level of fidelity will be madeeasierby startingout with the typesof file
structuresandgeneraldatamanipulationrequiredby theshellelementmodelingtechnique.Such
model fidelity also pavesthe way for upgradeswherebymajor structuralcutouts,frames,
bulkheadsandcomplexloadingconditionscanbe easilyhandled.Therewill bea well defined
growthpathto gofrom conceptuallevelvehicledesignto earlypreliminaryandpossiblyprovide
linksinto thedetaildesignphaseof vehiclemanufacturing.

Utilizing commercialCAD/CAEsoftwaresuchasSDRCIDEAS[11] alsoprovideswell
defineddatastructures,file formatsand proceduresthat incorporateflexibility and growth
potentialinto thedesignprocess.For exampletheability to definemultiple loadcases,define
multipleboundaryconditions,keepfilesof materialproperties,andimplementvaryingstructural
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designconceptsoverregionsof thevehicleareproceduresroutinelyhandledin a commercial
FEAprogram.In thefuturethe datastructureswill havebeenin placewhichwill beusefulto
implementthermalloadingas the structuresprocessbecomesmore integratedwith vehicle
thermalanalysisprocesses.

Modelingan entirevehicleas shell elementsalso enablescreationof a data file of
runningloadsfor eachdesignloadcasewhichvariesoverall of thestructuralcomponentsthat
makeup thevehicle.Structuralsizingof elementsdefinedin acommercialdatafile formatsuch
asan IDEAS universalfile is performedusingthe HyperSizer[12] structuraldesignsoftware.
This elementsizingprogramtakesindustrystandardFEAdatafiles includinginternalelement
loadsanddeterminestherequiredstructuralsizesto supportmultiplestructuralloadconditions.
Detailedstrengthandstabilityfailure modechecksfor specifiedwall constructiontechniques
suchasmonocoque,andnumeroussemi-monocoqueconstructiontechniquesareperformedby
theprogram.Calculatedelementstructuralweight,assemblylevel weightsummations,failure
mode,dominantloadcaseand othersuchdesigninformationis accessiblein the HyperSizer
program.Structuralweightsfor componentscalculatedby HyperSizerneedto be factoredto
accountfor featuresnot inherentin theanalysissuchasjoints andothernon-optimumstructure.
Calibrationof this transitionfrom theoreticalto as-builtstructuralweightsfor variouslaunch
vehiclecomponentsisrequired.

Theentireprocessof gatheringinputinformation,creatingarepresentativefiniteelement
model,definingstructuralarrangement,structuralconcept,materialproperties,loadconditions,
performingelementsizing and makingnew estimatesof vehiclestructuralweight hasbeen
implementedin the commercialsoftwareframeworkenvironmentcalledModel Center[13].
ModelCenterprovidessoftwaretoolsto link computercodeonheterogeneousservercomputers.
Client computersdisplay a GUI representationof a user definedprocessflow and permit
modificationto theprocessif required.ThisGUIalsoprovidesameansto link variablesbetween
computercodesontheservermachines.

Figure2) - Layoutof ExampleVehicle,SSTOwithanexternalpayloadattached
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TechnicalApproach,Implementation:

In thispaperwehavechosento implementtheautomatedweightestimationprocesson
the examplevehicleconfigurationshownin figure 2. This is a SingleStageto Orbit vehicle
(SSTO)consistingof a basicallycylindrical fuselage,aftmountedlow aspectratio deltawing,
and verticaltip-fin controllers.Internallyan integralliquid oxygen(LOX) tank is positioned
behindanintegralliquid hydrogen(LH2)tank.Thepayloadis attachedasaseparatestructureon
backof theintegralcryogenictankfuselagestructuralarrangement.

Simplisticallythisvehiclecanbedescribedbythe7majorstructuralcomponentsshown
in figure3.Notethatthepayloadsupportstructureisnotyetoneof thegenericstructural
componentsin thesystemandlumpedmassesareusedto createpayloadandpayloadpodinertial
loadsin thefuselagestructure.

7 Primary Structural Components

1. Nose

2. LH2 tank

3. Intertank Adapter
4. LOX tank

5. Wing/Carry-thin
6. Tail

7. Thrust Structure

.............._%v_,-,,

N:,_'_-?<- < s.:.':, :_:. ;¢-2: _::.'-'? ._._.?_,.,,..,x,..-),.\\,_\,

Finite element moae_ createa _y .......__:"

program file execution

Figure 3) Structural Components for the example case and the associated analysis model

IDEAS program files have been created which will automatically generate the seven

components of this vehicle based upon input geometric parameters. Program files are scripts of

IDEAS GUI commands which include some programming level constructs like variable

definition, looping and logic decisions. They enable IDEAS to be operated in a batch fashion

using an input file of controlling commands. The FEA model shown in Figure 3 is the resulting

model that is created by running the IDEAS program files which describe its seven structural

components. These parts include NURB based geometric information as well as the required

finite element mesh data, all of this entity creation is controlled in a part's template program file.

Instances of those parts with appropriate input geometric information create a vehicle for

analysis. It is recognized that common geometry is required to work in a multidisciplinary

environment [7], however at this low level of analysis complexity it was felt that common

geometry only need imply that vehicle geometric design parameters which define the proposed

configuration also are utilized to create instances of the parametric IDEAS parts. By extracting

appropriate part dimension data from a vehicle sizing program output file the information can be

used for instancing of the parametric part program files. This implies that in a more general

multidisciplinary environment CAD geometry for individual disciplines, if required, must be
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generatedin a form requiredby that discipline.If a higher level languageis usedto obtain
geometryparametersfrom the vehiclesizing programthesevariablescanbe appropriately
modifiedto fit input requirementsof the structuralparts.Structuralmodelsdo not haveto be
derivedfrom OML aerosurfaceswhichoften in thecaseof launch/entryvehiclesrepresentsan
outer surfaceof TPSwith the structurebeing well inside this mold line definition. A good

example of this is the previously described X-33, the structural cross-section of this vehicle was

always offset and somewhat dissimilar to the encompassing aerodynamic surface.

Fuselage parts are assembled simply by applying appropriate part translations and

rotations such that each part is defined in a single consistent global coordinate space.

Appropriate part placement as well as automated meshing of the parts is included in the part

definition IDEAS program files. An assembly program file is then executed which will remove

duplicate nodes at part boundaries. The wing and tail components of figure 3 are assembled to

the fuselage in another simple manner. Structural load paths between the physically separate

wing and fuselage parts are created by rigid link elements. Drag link elements define axial

compatibility, and vertical elements shear wing lift load into the side of the fuselage. Rigid link

elements are similarly used to assemble the wing tip control fin to the wing at six locations

between tip-fin spar and wing spar nodes. As only a 1/2 model is being assessed symmetry plane

boundary condition requirements are automatically appropriately constrained. The stages of the

entire automated process are outlined in Table II.

Table II Steps Executed in the Automated Analysis Process

1) Parse CONSIZ output to determine input dimensions for the structural components.

2) Generate IDEAS program files from generic template program files and application of the
parsed CONSIZ design data.

3) Execute the IDEAS program files to create separate structural components which define the
vehicle parts.

4) Create the IDEAS assembly finite element model by eliminating duplicate nodes at part
boundaries and assemble non geometrically similar components with rigid link elements.

5) Perform mass mapping of CONSIZ system weights to the finite element assembly model.

Create Basic Loadsets

- ullage pressures
- body and wing lift pressures
- fuselage drag pressures
- thrust forces (axial, wing-normal)
- time dependent fluid head pressure loads
- trim lift pressures
- engine thrust and gimbal components (pitch direction only)

7) Parse the trajectory data file to obtain vehicle accelerations and fuel load parameters at design
flight conditions.

8) For each design limit load condition create applied loadsets from the scaling and
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superposition of the basic loadsets. Balance flight conditions in pitch by application of gimbal
forces and aerodynamic trim control as required.

9) Restraint Set Creation, for each design loading condition create a corresponding restraint set

10) Create Internal element loads for each design loading condition, performed by execution of
the FEA static solution for each design loading condition.

11) Structural Concept and Material Selection, Structural Sizing
- Run HyperSizer to determine Theoretical Structural Weights

12) Structural Component Processing
- For each structural component (tank, wing...) Process theoretical weight into As Built

Component Weight

13) Vehicle Processing
- Process As Built component weights into CONSIZ vehicle weight input parameters

CONSIZ [14] is a VAB launch vehicle sizing program which provides a vehicle weight

statement and geometry parameters. The goal of the entire automated structural weight

estimation process is to refine the vehicle weight estimates made in CONSIZ and make them

sensitive to structural and technology decisions as has been previously described. From a

CONSIZ vehicle definition the IDEAS component program files can be generated and executed

to create the FEA model shown in figure 3.

Typical FEA modeling requirements to define element property regions, loads, restraints

and solver information are performed in items 5 through 10 of Table II. Step 5, mapping of

masses from CONSIZ to IDEAS requires the use of a utility JAVA program which accesses data

from both CONSIZ output and the FEA model. CONSIZ system masses are mapped to named

groups of nodes defined in the IDEAS model or evenly distributed over a range of nodes

between input fuselage stations. Step 6 creates basic loadsets which are combined with load

scaling factors to create the combined loads fully representative of the design load cases listed in

Table I. All load case solutions are simple linear static analysis conditions. To combine loads for

a flight condition requires a balance of forces such that the vehicle is in a quasi-static state of

applied external load. Non-flight conditions are restrained at nodal positions representing

physical constraints and a fully balanced set of applied external loads is not required for a valid

structural solution. For the flight conditions each of the basic loadsets are first analyzed in

IDEAS to obtain applied load force and moment summations. These individual force

summations are transferred to an Excel spreadsheet where the non-linear solver can be used to

determine the amount of scaling required for balancing. As an example, for the Maximum flight

acceleration condition, vehicle acceleration is known as is the amount of fluid in each cryogenic

tank. To balance the axial acceleration the basic input thrust load is scaled, to balance vehicle

rotation in the pitch plane the vehicle transverse thrust is also scaled. The axial and transverse

thrust values calculated define the amount of engine gimbaling required for the quasi-static

condition. For an entry condition the wing lift and control surface lift would have to be scaled to

balance known vehicle normal acceleration while maintaining a zero pitch moment. Vehicle

accelerations are assumed known and actually come from a POST trajectory analysis. Step 9

creates nodal restraints appropriate for each of the Table I design conditions. For flight

conditions a node is still restrained but force summations for applied loads will be numerically
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zero at this point. Step 10 merely sets up required solution parameters and output file formatting

of IDEAS universal files which will be in accordance with HyperSizer universal file input

guidelines.

A Visual BASIC program is used to perform element sizing with HyperSizer. This

program has been implemented on a parametric wing component and is now being incorporated

into the full vehicle analysis process. The program has access to all of the HyperSizer COM

(Component Object Model) objects defined in the HyperSizer Application Programming

Interface (HyperSizer - API). The creation of an object model interface to HyperSizer via

Microsoft COM programming techniques was also developed under NASA Langley's HPCCP

program specifically to help automate the procedure being implemented here. Via this interface

and the controlling BASIC program the IDEAS data will be read into a HyperSizer project, the

sizing load cases of Table I will be setup for HyperSizer specific input data. For each structural

region, defined by a unique property id number, structural configuration and panel sizing criteria

are selected. These areas of unique property identification in IDEAS are termed components in

HyperSizer and represent regions of constant wall geometric parameters and manufacturing

technique. That is to say one HyperSizer component may be 2024 Aluminum metallic

honeycomb sandwich construction, it will describe a small portion of the IDEAS structural

component it is a part of, such as the IDEAS Nose component. There will be many HyperSizer

components of this type within an IDEAS structural component and each will be permitted to

vary geometry parameters as necessary to support applied loads for the input eleven design load

cases. This gives the ability to tailor structural requirements to applied loading. For example

consider the case of a LOX tank, where under axial acceleration head loads are considerably

higher at the aft end then forward. The component breakup based sizing will necessarily tailor

element thickness as a function of axial position in the tank so that a minimum weight IDEAS

structural component weight will be calculated.

Both SDRC IDEAS, and HyperSizer have well defined data structures to quantify

temperature dependent strength and stiffness characteristics of isotropic, and orthotropic

materials. As HyperSizer is being used to perform actual element sizing the material property

database within the program is used to maintain data required for analysis. HyperSizer outputs

stiffness matrices to represent its stiffened element physical properties and these matrices are

used by IDEAS for subsequent static analyses with a more representative set of element stiffness

properties.

Upon completion of the automation procedure, results of HyperSizer element Sizing can

be tabulated on a structural component basis and used to update mass estimation inputs to the

CONSIZ program. Figure 4 shows one of the types of data presentation features of HyperSizer

where Controlling loadcase is being reviewed for a sample input run. Graphical feedback to the

user provides a means to check reasonability of a solution and is useful for presentation of results

of a completed study. Element unit weight, failure mode and other structural performance

parameters can be reviewed in the GUI environment once the automated process has been

completed.
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Figure4 ) GUIpresentationof HyperSizerOutput,ControllingLoadcase

Ideally the processdescribedaboveshouldbe placedin an iterative loop, firstly to
convergeelementload redistributionupon receivingelementstiffnessmatrix updatesfrom
HyperSizerelementsizing,andsecondlyto convergetheiterationof providingnewstructural
weight estimatesto CONSIZ and it's effect on vehicle size. Figure 5 showsa flowchart
representationof whathasbeenpresentedwith theappropriateloopingprocessesindicated.
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Figure 5) Flowchart representation of the automated structural weight estimation process

CONSIZ is typically run with the requirement of having a specific mass ratio. That is the

propellant weight ratio of pounds of fuel at liftoff to pounds of fuel at Main Engine Cutoff,

MECO. Having a vehicle sized just large enough to contain enough propellant to achieve the

required mass ratio assures an achievable orbit. If the structural analysis process is allowed to

update CONSIZ mass estimations the resulting vehicle size will be different than was initially

calculated because of dry weight changes. Along with this overall vehicle design loop are

aerodynamic and aerothermodynamic effects which are currently not captured in the structural

sizing process. However by providing a set of automated procedures which can perform

structural weight estimation a more encompassing vehicle design process may call upon the

structural process as only one element of its overall optimization goals. One must keep in mind

that the process just described permits variation in vehicle geometric design parameters and so

opens up the overall vehicle design to allow variability in fuselage fineness, wing thickness and

planform parameters and positioning of major structural components. Figure 6 shows the

structural assessments and weight estimation methods interacting in a proposed full vehicle

synthesis environment. This is a large suite of tools requiring data exchange. Often the codes run
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on different operating systems and are programmed in different computer languages. One

method of integrating such an array of computer programs is to use a commercial framework

product such as Model Center. By creating a Model Center process for the structural weight

estimation procedures that have been described it is hoped the integration of those procedures

into a full vehicle synthesis program can be obtained.

Complicated decomposition
Many possible feed forward and feed back loops

Geometry ]

I Aer°dynamics I

I Propulsion ]

Trajectory

I

t
Guidance &Control

[

Feed Forward Process Loops

Feed Back Process Loops

Wa;i:t:: & ]

"1 Sizing I
[ Operations I

I cost ]

Source: Lepsch R. A., "Launch Vehicle Design Process", Presentation to the Intelligent Synthesis Environment Workshop, NASA Ames, July 1999

Figure 6) Process flow possibilities in a full vehicle synthesis system analysis tool

Framework Environment:

Model center allows each computer program to run as a server application on a

decentralized computer. The program is then termed an "Analysis Server" component and it is

available to a Model Center Client application which defines code interaction and process flow.

The details of Model Center operations regarding how data is "wrapped" to feed from one

analysis server component to another will not be fully explained here as they are defined in the

Model Center Users Manual. Suffice it to say that legacy code, ASCII files, Excel spreadsheets

and script language programming can all be used to create and manipulate data in the Model
Center Framework.

Figure 7 shows the client application view of the Model Center wrapped structural

analysis process. The main area of hierarchical text on the left portion of this screenshot is a view

of the main process names, some breakout of main processes and some input/output data for a
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typical process.The entire processis titled "AdvancedStructuralAnalysisV2".Under that
heading are three main subcategories,CONSIZ, IDEAS, and HyperSizer.These three
subcategoriesare also shownin the topmostprocessflow diagramto the right of the text
window.Thesecondprocessflow window showsthesubprocessesthat occurin the IDEAS
process.Thishierarchicalrepresentationof processflow canrepeatasrequireduntil a projects
entireprocessflow is defined.For exampletheprocessIDEAS/LoadsBalancingalsocontains
subprocesses.Althoughnot depictedin theprocessflow windows(by userchoice)theyare
shownin thehierarchicaltext window.Therewe seethreesubprocesses,preLoadsBalancing,
loadsBalancing,and postLoadsBalancing.The analysis steps outlined in Table II are
implementedin the ModelCenterenvironmentshownin figure 7. Someprocessesmanipulate
datato prepareit for usein a subsequentprocess,andsomeprocessesmayonly executelegacy
code.As anexampleof legacycodeexecutionmanyof theprocessesin theanalysismerelycall
for abatchexecutionof theIDEASprogramwith aninputfilename.To actuallycreatethedata
in thefile thatis beingrun in theIDEASprocessis morecomplicated.HereJAVA codeis often
usedto operatelogicallyonthedatafromupstreamprocessesandcreatetherequireddatafor the
downstreamprocess.Anothercomplicatedprocessis the LoadsBalancingprocess.Thisprocess
is anexampleof usingASCII filesandExcelspreadsheetsto createinputloadsbasedonscaling
thebasicIDEASloadsetsto suitthetrajectoryaccelerationandflight conditionrequirementsof
load cases4 through 8 in Table I. A legacy spreadsheetprocessis integratedinto the
LoadsBalancingprocessandpermitsuseof the spreadsheetsolverfunctionto help determine
scalingfactorsfor simultaneouslybalancingpitchtrim, axialandwing-normalforces.

Useof a frameworktool suchasModelCenteris very enablingin rigorouslydefining
dataanddataprocessingrequirementsfor a complexanalysissystem.It is easilyenvisionedthat
eachanalysisprocessshownin figure6 couldbe implementedin a ModelCenterenvironment.
This canbe doneby having thedisciplineexpertcreateAnalysisServercomponentson there
own computerhardware.Disciplinecomponentsarethenavailableto fit into the largerprocess.
Fromthatbaselineof analysisprogramstheentirevehiclesynthesiswholly outlinedin figure6
canbe implementedasanotherModelCenterclientapplication.
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Figure 7) Model Center Process Flow for the FEA based Structural Weight Estimation Process

Conclusions and Future Plans:

A process under development at NASA Langley Research Center's Vehicle Analysis

Branch which formalizes bottoms up structural weight estimation for launch vehicles has been

described. The features of basing such a process on 3D finite element data structures are

presented. The analysis task requires certain generic analysis steps to be implemented. Automatic

execution of these steps is demonstrated and is accomplished using the IDEAS commercial

program for CAD and FEA solution work. The commercial program HyperSizer is used to size

finite elements and make theoretical component weight estimates. Utility code is used to

manipulate process data between upstream and downstream stages of the analysis. These various

stages of analysis may occur under differing operating systems and all processes are integrated

via the commercial framework, Model Center. Automatic execution is desired so that structural

weight estimation work can be incorporated into a multidisciplinary design loop and provide
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weight sensitivityto vehiclegeometricparameters,structuralarrangement,structuralconcept
selection,materialpropertyselection,loadingandfailuremodecriteria.

This developmenthasbeensupportedby NASA's High PerformanceCommunications
and Computingprogram (HPCCP)and is currentlybeing supportedby NASA's goal of
developingan inter-centerAdvancedEngineeringEnvironment(AEE) for launch vehicle
architecturestudies.Implementationof therequiredanalysisstagesis demonstratedfor a Single
Stageto Orbit (SSTO)vehicle.It is shownthatbecauseof thegeneralcapabilitiesof thetools
utilizedandthe utility codedevelopedto manipulatedatafor thesetoolsmoregeneralvehicle
configurationsandstructuraldesignscanbeaccommodated.

Oneitemthathasnotbeendiscussedin thispaperis calibrationof theweightestimation
procedureto existingvehicleweights.Someof this work hasactuallybeendoneon a single
structuralcomponentsuchasaverticaltail. Howevertobuildconfidencein thesystemit mustbe
exercisedagainstexistingsystemssuchasAtlas,Delta,andtheSpaceShuttle.Thisshouldbe a
goal for futurework. Theprocesshasbeenwell defined,only specificCADmodelsfor unique
structuralelementsin this systemneedto begeneratedandassembledappropriately.Sufficient
generalityexistsin theproceduretoperformvalidationonall of thesetypesof vehiclesprovided
sufficientmassproperties,configuration,anddesignloadinformationcanbeobtained.
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